Abstract: This paper presented beam evolution in entire fiber laser from a more qualitative perspective. Specifically, the beam transmission properties under the condition of the disturbances of the refraction index, during the full length of active fiber in tandem pumping fiber amplifier were shown. The refractive index change was calculated considering the laser gain and the thermal effect. The simulations confirmed the superiority on beam transmission when employing the tandem-pumping configuration, which indicated that tandem-pumping fiber lasers might have better control on beam quality than direct-pumping fiber lasers for further power scaling. Moreover, to verify the model, we set a 1080-nm tandem-pumping fiber amplifier with an output power of 5.4 kW and the beam quality M 2 was measured to be 2.2. The experimental result implied a rationality of the model.
Introduction
With the rapid development of the output power of the ytterbium-doped fiber laser (YDFL) [1] , [2] more and more attentions have been paid to tandem-pumping YDFL owing to its attractive characteristics, including stronger pump capacity, lower quantum defect and higher modal instability threshold [3] . Up to now, almost all the achievements realized by tandem pumping YDFLs that set the world record have been held by IPG. In 2009, IPG presented a single mode high power fiber laser (FL) with an output power of 10150 W. The beam quality factor M 2 was measured to be about 1.31 [4] . In 2013, their group increased the output power to 17 kW, along with a beam parameter product of 2 mm mrad because of the 50 μm output fiber core [5] . Apart from IPG, other researchers have also made efforts on tandem pumping FLs. In 2015, Hu Xiao et al. presented a 2.14 kW tandem pumping FL in a 30/200 ytterbium-doped fiber (YDF) and the M 2 factor was measured to be 1.9 [6] .
In 2017, Pu Zhou et al. successfully scaled the output power to the 3.51 kW and the M 2 factor was about 1.98 [3] .
With the increasing of power of tandem-pumping FL, there would be some inevitable problems, especially the deterioration of the output beam quality. Effective measures can be taken to improve these conditions if the transmission properties of the beam in the entire gain fiber in the steady state could be acquired. However, there are no reports of the studies on the quantitative theoretical analysis in beam evolution and beam quality of the tandem-pumping fiber amplifier. In fact, this theoretical analysis is challenging for two reasons. First of all, because of small absorption section of Yb icons at 1018 nm, the length of active fiber in tandem-pumping configuration is much longer, typically more than 30 m [3] , [6] , [7] . Hence, the simulation in the entire active fiber is necessarily computationally intensive and time-consuming without losing the precision. Second, the optical field of the beam is determined by the structure of the waveguide, namely the distribution of refractive index. So the beam evolution can be obtained via the Beam Propagation Method (BPM). However, the gain and thermal effect in the gain fiber could lead to a change of refractive index, which could make an evident impact on the beam evolution. Therefore, besides the BPM, the laser gain and the thermal effect should also be involved to achieve a more reliable analysis.
Cesar Jauregui [8] provided a solid approach for the research of modal interference by combining BPM with transparent boundary conditions (TBCs) and steady state rate equations. However, there study based on direct-pumping configuration and focused a small length of the gain fiber and ignored the thermal effect which should be vital in the case of high power FL. Additionally, TBCs are suitable for single plane wave [9] , and can be used in 2D structure [10] or in the simulation that the paraxial approximation is adopted [11] , but fail in complicated wave patterns. Considering that the LMA gain fiber in the tandem pump laser is 3D structure and the paraxial approximation is no longer applicable, the TBCs may be not suit. In order to meet those cases, the Perfect Matched Layer (PML) [12] , [13] designed to absorb without reflection the electromagnetic waves was applied in this paper. In addition, to reduce the error accumulation in the long distance transmission (more than 30 meters), the second-order wide-angle Padé approximation [14] was employed in the simulation to improve calculation accuracy. Thus, the model we built may be more accurate and more applicable in tandem pump laser.
In this paper, we mainly presented the beam evolution in entire fiber laser from a more qualitative perspective based on tandem-pumping configuration for the first time. The beam transmission properties under the condition of the disturbances of the refraction index, during the full length of active fiber in tandem pumping fiber amplifier were shown. On the one hand, the beam evolution during laser amplification was calculated by 3D-BPM with the boundary condition of PML and secondorder wide-angle Padé approximation. On the other hand, the power evolution and the population densities of the upper lasers level were calculated by rate equations. These two methods were connected by the refractive index. Further, the refractive index change was calculated considering the laser gain and the thermal effect. The simulations confirmed the superiority on beam transmission when employing the tandem-pumping configuration, which indicated that tandem-pumping FLs might have better control on beam quality than direct-pumping FLs for further power scaling. Moreover, the results showed that, in any given field of an input beam, the beam transmission properties including the evolution of optical field and the laser intensity, the distribution of fiber temperature and refractive index could be obtained. In order to verify the simulation, a recent result of 5.4 kW tandem pumping fiber amplifier based on master oscillator power-amplifier configuration was presented with a optical-to-optical efficiency of 89.5%, and beam quality M 2 was measured to be 2.2. The trend of the experiment results agreed with that of simulation, implying a rationality of the model.
The "B-R" Model
We want to figure out the beam evolution in the fiber amplifier, hence, the BPM method is needed. However, the BPM only describes the beam propagation dynamics in the passive material. Therefore, the BPM with a combination of transversally resolved steady state rate equations will be a possible way. Furthermore, the gain and thermal effect in the gain fiber could lead to a change of refractive index, which could make an evident impact on the beam evolution. Hence, we simulated numerically the beam propagation dynamics, the power evolution properties and the thermal effect along the entire gain fiber in the tandem-pumping amplifier. In order to make expression clear, we called our model "B-R" model. Here, "B" and "R" represented BPM and Rate Equations, respectively.
The BPM Method
The beam evolution dynamics during laser amplifier was simulated by BPM. The basic theory of BPM including notation and general description of the method were followed Ref. [15] . In particular, the PML boundary condition was applied to be a reasonable solution to beam propagation. PML method adopted an absorbing layer in which the matched medium was designed to absorb without reflection the light no matter how large angle the light was. Fig. 1 shows the schematic diagram of the PML, where the Maxwell's equations can be expressed as:
The Eq. (2) can be obtained by Eq. (1) as follows:
Here ∇ can be represented by Eq. (3) and s can be represented by Eq. (4).
Where λ was the light wavelength, d was the thickness of the PML, ρ represented the surface position of the PML and R stood for the theoretical reflection coefficient. Then the electric field of the signal could be separated into a slowly varying envelope and a fast oscillating phase term in Eq. (2) . In order to simplify the solving process and be applicable for wide-angle conditions, the second-order wide-angle Padé approximation was employed in the simulation to get the relationship between ϕ(z + z) and ϕ(z). It should be point out that 3D scalar approximation was used in the finite-difference (FD) PML BPM method analysis. 
The Rate Equations
The transversally resolved steady state rate equations were solved by Fourth-Order Runge Kutta (RK) method. In order to be more cooperative with BPM, the rate equations had to be discretized in a rectangular grid, and the corresponding schematic diagram of the discretized cross section was shown in Fig. 2 . The solution of each RK iteration was obtained at different z point along the gain fiber, such as the solution at z 0 . The refractive index change could be obtained from the solution of iteration. And then this beam could propagate through a section of z to a position point of z 0 + z by using the BPM method basing on the new refractive index distribution. The new beam field could yield the power filling distribution of signal and then a next iteration could be carried out.
The Change of Refractive Index
Noted worthily, the two methods mentioned above were related by the refractive index. The refractive index change was a key element in our simulation. The refractive index profile was computed by three parts:
Here, n f (m,k) was the original step refractive index, n g(m,k) was a result of resonantly induced index change arising from inhomogeneous inversion distribution shown in Eq. 5 [8] , [16] . Where, N 2 (m, n) and N(m, n) represented the upper levels and the total ion concentration at the transversal point (m x, n y), σ es and σ as were the emission and absorption cross-section at the signal wavelength, respectively. n was the refractive index change between a fiber region with a fully inversion (N 2 = N) and a fiber region with a completely depleted inversion (N 2 ∼ 0).
n t(m,k) was thermally induced index change which depended on the pump power distribution and signal laser loss, and the first one had a much higher effect owing to the very small signal loss coefficient [17] - [19] . The temperature in core and cladding of a double cladding fiber were express as: (6) So that the thermally induced index change in core and cladding of a double cladding fiber could be expressed as: 
Where, r cor e and r claddi ng were the diameter of core and cladding, respectively. Q(z) was the heat density. κ denoted the thermal conductivity. β = dn/dT was the thermal-optic coefficient. h was the convection heat transfer coefficient. As a result, the thermally induced index change to the whole double cladding fiber was n t = n cor e + n claddi ng .
Above all, the principle diagram of calculation was shown in Fig. 3 . By optimizing "B-R" model, a single iteration cycle could only be compressed to a short time. Therefore, our model could be employed to calculate the beam transmission properties in entire gain fiber in next section.
We used this model to simulate the beam transmission of LP01 mode in 20/400 μm. Fig. 4 showed the evolution of the beam intensity along the 1.1 m fiber. Fig. 4(a) descript the transmission of LP01 mode only basing on the BPM methods, and Fig. 4(b) descript the transmission of LP01 mode basing on our new model. Clearly, the interference fringes could be seen from the evolution of the beam transmission in Fig. 4(b) . This was because that more modes generated due to the refraction index change, and lead to modes interference inside active fiber.
Simulation of the Model

Comparison of Tandem-Pumping and Direct-Pumping
In our model, the refractive index change showed an evident impact on the beam transmission properties during the whole fiber amplifier. As mentioned above, two factors were included for the causes. One of the factors was laser gain induced by transversal inversion distribution, the other one was thermal effect. It should figure out their impact degree on beam transmission properties.
In order to evaluate their influence, a comparison of the beam transmission properties between the 1018 nm tandem-pumping FL and a 976 nm direct-pumping FL was made. To acquire an adequate absorption, a 18-meter-long 30/400 μm YDF and a 38-meter-long 30/400 μm YDF were employed in the 976 nm direct-pumping FL and 1018 nm tandem-pumping FL, respectively. The absorption coefficients of the YDF were 2.0 dB/m @ 976 nm and 0.45 dB/m @ 1018 nm. In addition, the pump power was both set to be 12000 W. Fig. 5 plotted the simulation results of the output beam quality under two conditions, where simulation including both factors is marked in ' ' and only the thermal effect is marked in ' ' respectively. Clearly, the beam quality remained well when the refractive index change only depended on the thermal effect. Once laser gain was added, the beam quality showed a deterioration, which was especially obvious in Fig. 5(b) . It implied that the laser gain made a prominent impact on the beam transmission properties. In addition, the difference of the deterioration degree between the two FLs was owing to their different gain distribution as shown in Fig. 6(a) .
Furthermore, it should be noted that the beam quality of 976-nm direct-pumping FL was worse than that of the 1018-nm tandem-pumping FL when considering only the thermal effect. This was because that they differed greatly in temperature distribution inside fiber caused by quantum loss. As shown in Fig. 6(b) , the highest temperature at the input end of the 976-nm fiber amplifier was about 276.68°C while the temperature of the 1018-nm fiber amplifier only 65.06°C. This analysis above indicated that the thermal effect also had an impact on the beam transmission properties. However, compared with the laser gain, its influence was not as remarkable. Furthermore, the simulation in this section confirmed the superiority on beam transmission of the tandempumping FL.
Simulation of a 5.4-kW Tandem-Pumping Fiber Amplifier
To better understand the beam transmission properties, we did a simulation and did an experiment of a 5.4 kW tandem-pumping fiber amplifier. The parameters used in simulation were shown in Table 1 . The structure simulated in "B-R" model was illustrated in Fig. 7(a) . The input optical field of the simulation was set to comprise of 70% of LP 01 mode, 15% LP 11sinθ mode and 15% of LP 11cosθ mode for the tandem-pumping amplifier. The corresponding β F L factor [20] of this input field shown in the inset of Fig. 7(a) was calculated to be 1.049. Besides, the pump power was set to be 6000 W.
The beam transmission properties calculated by "B-R" model was depicted in Fig. 8(a) . Specifically, the z-axis represented the direction of beam transmission and the β F L factor was calculated to characterize the beam quality. The cross-section distributions of the beam at eight different positions in z direction were given to indicate the beam evolution along the entire gain fiber. Clearly, the beam quality of the optical field deteriorated gradually along the axis. It was induced by a step change of refractive index caused by the core diameter mismatching of 20 μm and 30 μm in the seed and the amplifier, respectively. Besides, laser gain and thermal effect inside the gain fiber could also lead to disturbances of the refraction index. The change of the refraction index could cause the excitation of higher order transverse modes in the 30/250 μm fiber in the amplifier. Fig. 9(a) illustrated the distributions of pump laser and signal laser along the gain fiber. Fig. 9 (b) illustrated the ratio of upper level icon concentration to dopant concentration along the gain fiber. The β F L factor at different output power was shown in Fig. 10 (as shown in red line) , and when the output power was 5 kW, the β F L factor was calculated to be 1.743.
Furthermore, in order to display the intensity evolution clearly, the intensity distributions during the position from 1 cm to 5 m, 10 m to 15 m, 20 m to 25 m and 30 m to 38 m were shown at the bottom of Fig. 8(a) . At the first 5 m, the light intensity was relative weak. However, with the increasing of laser power, the light intensity became stronger and showed a tendency toward stabilization. Fig. 11 shows the cross-section distributions of temperature in x and z direction. The highest temperature, 43.2°C, was located at the center of the first cross-section in the gain fiber. The temperature gradually decreased along the gain fiber. The distribution of light intensity and temperature indicated in tandem-pumping configuration.
We also simulated the other two structures to analyze the impact of mode matching between the seed and the amplifier. The first structure is a tapered fiber connecting the different size fiber [shown in Fig. 7(b) ] and the second structure is perfect matching [as shown in Fig. 7(c) ]. In all situations, the pump power was set to be 6000 W. The input optical fields were also kept the same, comprising of 70% LP 01 mode, 15% LP 11sinθ mode and 15% LP 11cosθ mode. In the first case, the change of refractive index was becoming tapered along fiber length. Comparing with the results in Fig. 8(a) , the mode excitation reduced owing to a more smooth evolution of the eigenmodes between the fibers of seed and the amplifier. It should be noted that the mode excitation was still exist because the core size was different in the tapered fiber. Hence, the beam quality during the beam transmission slightly improved, as shown in Fig. 8(b) . As for the case of the perfect matching, whose simulation results were illustrated in the Fig. 8(c) , the beam distribution remained approximately unchanged during the transmission and the beam quality was the best among all three situations. Therefore, a conclusion could be obtained that the mode matching between the seed and the amplifier in tandem-pumping fiber laser played a significant role in the beam transmission properties. Thus, methods such as improving mode matching and reducing mode-number of the seed could be adopted to obtain a better beam quality in tandem-pumping FL.
Verification of the Model
To verify the model, we built a tandem pumping fiber, whose configuration was presented in Fig. 12 [21] . The laser consisted of a 1080 nm laser seed and an amplifier. In the seed, a pair of Bragg gratings (FBGs) formed a resonant cavity whose center wavelength located at 1079.9 nm. A 16-meter-long 20/400 ytterbium-doped fiber was adopted as the gain fiber. The seed emitted a 75 W of output power to the amplifier through the input signal fiber of a homemade (6 + 1) × 1 coupler. The size of coupler's input signal, pump and output fiber were 20/400 μm, 105/125 μm and 30/250 μm, respectively. In amplifier, six 1018 nm homemade fiber lasers [22] were used as the pumping source and were injected into the gain fiber through six pump fibers of the (6 + 1) × 1 coupler. The 1018 nm fiber lasers were pumped by wavelength-stabilized laser diode with high efficiency and high reliability. The total pumping power was about 6000W. The diameters of the core and inner cladding of the gain fiber were 30 μm and 250 μm. The numerical aperture (NA) of gain fiber core and inner cladding were 0.06 and 0.46, respectively. The cladding absorption coefficient was 0.45dB/m @1018 nm. To acquire efficient pump absorption and to suppress the stimulated Raman scattering, the length of the gain fiber was optimized to 38 m. After the gain fiber, a cladding power stripper was spliced to leak the residual pump light. Moreover, a quart block head (QBH) was chosen as the end-cap. Fig. 13(a) showed the output power in the tandem pumping fiber amplifier. The 75 W seed laser was successfully amplified to 5448 W with a total of 5986 W pump light, corresponding to an optical-optical efficiency (η o−o = P outp ut /P p ump ) of 89.5%. The 3 dB bandwidth of the spectrum got larger along with the increasing of the pump power, and the 3 dB bandwidth was 4.6 nm at the maximum output power, shown in Fig. 13(b) . In addition, no stimulated Raman scattering was found in output spectrum.
The beam quality factor β FL and M 2 of the seed was measured to be 1.12 and 1.27, respectively. After amplifying to 5 kW, the β F L factor was deteriorated to 1.857 and the corresponding M 2 was about 2.2 (indicated by the red line in Fig. 10 ). The results of the experiment agreed with the simulation (β FL = 1.743). The small difference between these two results was mainly caused by core eccentricity in the splicing. Especially, we adopted an end-pumping coupler, in which the splicing of tapered input fiber and output fiber can also cause an inevitable core eccentricity. Even an eccentricity of 1 μm could have an obvious impact on beam quality. In addition, the ideal fiber in the simulation did not exist. Actually, the distributions of refractive index and doping concentration were not uniform along the gain fiber in the experiment, which will also cause a worse beam quality result. For future work, to improve the beam quality of output laser, we plan to use a seed that has the same core size with the amplifier, i.e., the perfect matching structure in Fig. 7(c) .
Conclusion
In summary, this paper mainly focused on beam evolution in entire fiber laser from a more qualitative perspective for the first time. Specifically, we analyzed the beam transmission properties under the condition of the disturbances of refraction index, during the full length of the active fiber in tandem-pumping fiber amplifier. The refractive index change was calculated by considering both laser gain and the thermal effect. Via our model, the beam transmission properties including the evolution of optical field, the laser intensity, the distribution of fiber temperature and refractive index could be obtained. The simulations also confirmed the superiority on beam transmission when employing tandem-pumping fiber laser. Further, a 1080 nm tandem-pumping fiber amplifier was build. The beam quality M 2 was about 2.2 at full power of 5.4 kW. The experimental result verified the rationality of our model.
